Aims: To study whether autophagy participates in the neuroprotective effect of nerve growth factor (NGF) on neurons treated with alcohol. Methods: The autophagy-related markers were used to explore the role of autophagy in PC12 cells exposed to alcohol or pre-incubated with NGF before initiating the treatment with alcohol (100 mM; 6 h). PC12 cells were pre-incubated with 3-methyladenine (3-MA) (10 mM; 1 h) or rapamycin (100 nM; 1 h) before co-incubated with alcohol (100 mM; 6 h) in order to investigate the relationship between apoptosis and autophagy. PC12 cells were pre-incubated with LY294002 (50 μM; 30 min) before co-incubated with NGF and alcohol in order to analyze the protein expression of PI3K/Akt/mTOR pathway via western blotting. Result: By methylthiazoltetrazolium, western blotting and flow cytometry assays, we found that cell viability decreased in a dose-and time-dependent manner after treatment with alcohol in PC12 cells. As cells were exposed to alcohol, the levels of LC3-II proteins became elevated, likewise, pretreatment with 3-methyladenine (3-MA, an autophagic inhibitor) or rapamycin (an autophagic inducer) resulted in an increased or decreased percentage of apoptosis in contrast to other alcoholtreated groups, respectively. NGF markedly increased LC3-II production after treatment with alcohol in a dose-dependent manner. Moreover, NGF remarkably attenuated the phosphorylation effect of alcohol exposure on PI3K/Akt/mTOR pathway, which was suppressed by LY294002 (Akt inhibitor). Conclusions: NGF protects against alcohol-induced neurotoxicity via PI3K/Akt/mTOR pathway. Short summary: In this study, we chose the PC12 cell line as a neuronal model, and our results demonstrate that nerve growth factor can induce autophagy with the neuroprotective effect and regulatory mechanisms of alcohol-induced autophagy in PC12 cells.
INTRODUCTION
Autophagy is morphologically characterized by the appearance of 'double-membrane' vacuoles, that is, autophagosomes in the cytoplasm (Dalby et al., 2010; Sheng et al., 2013) . Autophagy is a cellular lysosomal degradation pathway responsible for degradation of cellular protein and damaged organelles to promote cell survival (Mizushima et al., 2010) . In addition, microtubule-associated protein 1A/1B-light chain 3 (LC3), the mammalian homolog of the yeast protein Atg8, was found to be a specific biochemical marker for autophagy. A newly synthesized LC3 termed LC3-I is evenly distributed throughout the cytoplasm. Upon the induction of autophagy, some LC3-I is converted into LC3-II, which is tightly bound to autophagosomal membranes, thus forming ring-shaped structures in the cytosol (Boya et al., 2013) . Induction of autophagy or inhibition of autophagy degradation causes LC3-II accumulation; therefore, LC3-II is used as a marker to monitor autophagic flux (Klionsky et al., 2012) . Increasing autophagy can protect cells from injury by various stimuli, as inhibition of autophagy increases toxicity to cells. Genetically enhancing autophagy by overexpressing Atg7 could alleviate hepatic steatosis induced by a high-fat diet (Yang et al., 2010) .
Alcohol affects a diverse range of cellular events such as proliferation, differentiation and apoptosis. The mechanisms for alcoholinduced detrimental effects in various tissues/organs have been extensively studied, which involves genetic and environmental factors as well as altering multiple cellular signaling pathways (Mukherjee, 2013) . These mechanisms involve alcohol and its metabolites that induce reactive oxygen species generation, lipid peroxidation, cytokine expression/ inflammation, organelle damage, and stress and activate both apoptotic and necrotic cell death pathways (Molina et al., 2002) . Accumulating evidence has shown that altered autophagy is implicated in the pathogenesis and protection of alcohol-induced tissue injury (Dolganiuc et al., 2012; Czaja et al., 2013) . Acute alcohol consumption elevates autophagy, perhaps as a protective mechanism against alcohol toxicity; inhibition of autophagy increases alcohol toxicity and steatosis (Ding et al., 2011) . Alcohol down-regulates autophagy-related proteins such as Beclin-1 and LC3-II in immune cells and this inhibition of autophagy by alcohol increases susceptibility to cell death (Von-Haefen et al., 2011) . Suppression of autophagy with pharmacologic chronic alcoholic treatment using the Lieber-DeCarli model also shows that suppression of autophagy exacerbates liver injury while enhancement of autophagy improves the condition, autophagy therefore protects hepatocytes from the toxic effects of alcohol (Lin et al., 2013) . With both in vitro and in vivo approaches, alcohol triggers autophagy in neuronal cells. Furthermore, enhancement of autophagic flux alleviates alcohol-induced neuronal death by mitigating oxidative stress; contrarily, inhibition of autophagy exacerbates alcohol neurotoxicity (Chen et al., 2012) . Previously, prolonged (6 weeks) alcohol feeding increases the mRNA content for LC3B and Beclin-1 while decreasing p62 indicating chronic alcohol feeding increases muscle autophagy (Thapaliya et al., 2014) .
As noted, nerve growth factor (NGF) can be neuroprotective, i.e. it can reduce the amount of cell death in vitro that is normally detected within the first 48 h of plating (Miller et al., 2003; Barclay et al., 2005) . Conversely, NGF is protective against alcohol-induced death in cultured septal, hippocampal (Webb et al., 1997) and cerebellar neurons (Luo et al., 1997) . These results reflect (a) site-specificity, (b) differential windows of vulnerability to alcohol or (c) differences in responsiveness to NGF. However, the role of NGF-induced autophagy in neurons remains obscure. In this study, we chose the PC12 cell line as a neuronal model to survey whether NGF can induce autophagy and to investigate the neuroprotective effect and regulatory mechanisms of alcohol-induced autophagy in PC12 cells.
MATERIALS AND METHODS

Materials
Acridine orange (AO) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Annexin V-FITC/propidium iodide (PI) apoptosis Detection kit was purchased from BD Bioscience (San Jose, CA, USA). Anti-LC3 (Sigma), anti-β-actin, anti-pAkt, anti-pmTOR and FITC conjugated anti-rabbit IgG were from Cell Signaling. Recombinant mouse β-NGF (rmNGF) was purchased from Peprotech. Other reagents were from Sigma. Ethical approval was given by the medical ethics committee of the First Affiliated Hospital of Harbin Medical University with the following reference number: 201513.
Cell cultures
Although less attention is given to the involvement of NGF on alcohol-induced damages in brain, PC12 cells (a neural crest-derived adrenal chromaffin cell line obtained from a rat pheochromocytoma which is widely used in studies of in vitro neuronal injury, including alcohol-induced injury; Hillion et al., 2005) exposed by alcohol in vitro. PC12 cells was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Beijing, China) and cultured at 37°C and 5% CO 2 in antibiotic-free Roswell Park Memorial Institute 1640 medium (Gibco) and supplemented with 10% heat-inactivated horse serum (Gibco) and 5% fetal bovine serum (Gibco).
Exposure to alcohol and pharmacological treatment PC12 cells were pre-incubated either with or without NGF (25, 50 and 100 ng/ml) for 1 h, and then co-incubated in the presence or absence of alcohol (100, 200, 400 and 800 mM) for 6 h or alcohol 100 mM for 2, 6, 12 and 24 h. In some experiments, cells were incubated with 3-MA (a specific autophagic inhibitor, 10 mM) or rapamycin (an autophagy activator, 100 nM) for 1 h or LY294002 (PI3K inhibitor, 50 μM) 30 min before initiating the treatment with NGF and/or alcohol. In parallel, cell cultures were not exposed to alcohol (control cultures). The concentration of alcohol (100 mM) used here is consistent with that shown in previous research (Liu et al. 2010) . Generally, during in vitro studies of alcohol effects on cell function, doses of alcohol reach very high levels, e.g. 100 mM alcohol; 454 mg/dl could be used. However, in the USA, most states legislate that the legally intoxicating level of alcohol is~22 mM (or 100 mg/dL). Thus, levels of alcohol used in cell systems in general are four to five times higher than the legally intoxicating level (McDonough, 2003) . To prevent evaporation of alcohol, plates are wrapped in parafilm and medium is changed daily, as described (Messing et al., 1986) . To further confirm that alcohol enhanced autophagic flux, we treated PC12 cells with alcohol in the presence or absence of 3-MA (a specific autophagic inhibitor) or rapamycin (an autophagy activator) and then examined LC3 lipidation. The selected doses of LY294002 (50 μM) is within using range of the manufacturer's instruction and is consistent with that shown in previous research (Liu et al., 2010) . The selected doses of 3-MA (10 mM) is within using range of the manufacturer's instruction and is consistent with that shown in previous research (Guo et al., 2012) . The selected doses of rapamycin (an autophagy activator, 100 nM) is within using range of the manufacturer's instruction and is consistent with that shown in previous research (Wang et al., 2013) . All inhibitors were dissolved in dimethyl sulfoxide (DMSO) (<0.1% v/ v final concentration).
Cell viability assay
To explore the effect of alcohol or NGF on the cell viability of PC12 cells, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction [methylthiazoltetrazolium (MTT)] assay was used. Briefly, PC12 cells were seeded in 96-wells culture plates at a density of 1 × 10 4 cells per well and cultured for 24 h prior to drug treatment.
After treatment, MTT (0.5 mg/ml) were added into each well and incubated for 4 h at 37°C. Then, the medium was discarded and 150 µL DMSO was added in order to dissolve the formazan. Optical density value was measured by a microplate reader at 570 nm. All readings were compared with the control group, which represented 100% viability.
Determination of apoptosis
To investigate the influence of autophagic inhibitor and autophagy activator on the alcohol-induced apoptosis of PC12 cells, phosphatidylserine externalization was examined using flow cytometry (FCM) with a two-color analysis of Annexin V-FITC/PI double-staining. An Annexin V-FITC/PI assay was used according to manufacturer's instructions. Briefly, PC12 cells (1 × 10 6 cells/well) were seeded in six-well plates and subjected to various treatments as described earlier. Then, PC12 cell lines were harvested and washed with phosphate buffered saline (PBS). Thereafter, cells were resuspended in the 1 × binding buffer (100 μL). Annexin V-FITC (5 μL) was added to the cells and incubated for 15 min in the dark at room temperature. The samples were incubated for 15 min by PI (5 μL) before additional 1 × binding buffer (400 μL) and examined with BD FACSCalibur flow cytometry. Data analysis was carried out with BD CellQuest™ Pro (version 5.2) software. Viable cells were negative for both PI and Annexin V-FITC; early stage apoptotic cells were positive for Annexin V-FITC and negative for PI, late stage apoptotic cells were positive for both Annexin V-FITC and PI, and both were regarded as apoptotic cells.
Western blotting analysis
The effect of alcohol treatment on full-length LC3-I to LC3-II processing, a hallmark of autophagy was determined. Immunoblotting analysis was used to detect the extracted lysates from PC12 cells treated with alcohol or NGF. After treatment as described earlier, cells were then washed twice with cold PBS and then extracted into Radio Immunoprecipitation Assay lysis buffer on ice. After being sonicated and centrifuged, the protein content was determined using a bicinchoninic acid protein assay kit according to manufacturer's instructions. Equivalent amounts of protein were separated on 15% sodium dodecyl sulfate-polyacrylamide gel and transferred to nitrocellulose membranes. After being blocked at room temperature for 2 h with 5% non-fat milk in tris-buffered saline with 0.1% Tween-20, the membranes probed with LC3 (1:1000), pAkt (1:1000), pmTOR (1:1000), β-actin and horseradish peroxidase conjugated IgG antibodies. The volumes of the bands were determined by standard scanning densitometry with normalization of densitometry measures to β-actin.
Detection of autophagic vacuoles by AO
In order to quantify of acidic vesicular organelles (AVO) induced by alcohol in PC12 cells, FCM analysis was performed with AO staining. PC12 cells were seeded at a density of 1 × 10 5 /ml in a six-well culture dish and incubated for 24 h. After treatment, cells were stained with 1 mg/ml AO in serum-free medium for 20 min, and then washed twice with PBS. Images of AO staining were visualized immediately using fluorescence microscope (Olympus, Tokyo, Japan). The cytoplasm and nucleus of cells fluoresced bright green, whereas the acidic autophagic vacuoles fluoresced bright red.
Statistical analysis
Data were presented as mean ± SEM and compared by one-way analysis of variance (ANOVA) followed by Turkey's post hoc analysis. All analyzes were performed by GraphPad Prism Software and statistical significance was set at P < 0.05.
RESULTS
Alcohol triggers autophagy in PC12 cells
First, the effect of alcohol on the cell viability of PC12 cells was investigated using an MTT assay. As shown in Fig. 1A and B, cell viability was decreased in a dose-and time-dependent manner after treatment with alcohol. To determine whether this inhibitory effect of alcohol on the cell activity of PC12 was dependent on the induction of autophagy, the autophagy detection assay was applied to alcohol-treated cells. The effect of alcohol treatment on full-length LC3-I to LC3-II processing, a hallmark of autophagy, was determined. Immunoblotting analysis was used to detect the extracted lysates from PC12 cells treated with 100 mM for 0-24 h or with 0-800 mM alcohol for 6 h. As shown in Fig. 1C , the levels of LC3-II proteins increased after treatment with alcohol (0-800 mM). As cells were treated with 100 mM alcohol for 0-24 h, the levels of LC3-II proteins reached a peak for 6 h and then gradually decreased (Fig. 1D) . Next, in order to quantify of AVO, FCM analysis was performed with AO staining. As a result, alcohol caused the accumulation of AVO, which exhibited characteristic of autophagosome formation ( Fig. 1E and F). Taken together, our results indicated that alcohol-induced autophagy through conversion of LC3-I into LC3-II and formation of AVO, reached a peak for 6 h in a dose-dependent manner in PC12 cells.
Autophagy hinders apoptosis in alcohol-treated PC12 cells
To elucidate whether alcohol-induced toxicity was accompanied by increased apoptosis, phosphatidylserine externalization was examined using FCM with a two-color analysis of Annexin V-FITC/PI double-staining. As revealed in Fig. 2A , compared with the control group, the percentage of apoptosis was increased from 8.06% to 13.28% when PC12 cells were treated with 100 mM alcohol for 6 h. Furthermore, this result demonstrated that alcohol can induce apoptosis in PC12 cells (P<0.05). To investigate the relationship between apoptosis and autophagy, the specific autophagic inhibitor 3-MA was introduced. The augmentation of apoptosis ratio resulting from 6 h of alcohol exposure was reversed from 13.28% to 28.22% (P<0.01). Furthermore, co-treatment with 100 mM alcohol and rapamycin (RAP), an autophagic inducer, reduced the apoptosis ratio (P<0.01, Fig. 2A and B) , indicating that autophagy hinders apoptosis in alcohol-treated PC12 cells.
NGF-induced autophagy is cytoprotective
Many studies have demonstrated that autophagy can serve as a protective response to prevent alcohol-induced cell death. Thus, LY294002 was employed to detect the effect of autophagy on alcoholinduced cytotoxicity. We found that NGF or rmNGF markedly increased LC3-II production after treatment with alcohol ( Fig. 3A-D and Fig. 4A-D) . Using an MTT assay to monitor the effects of NGF or rmNGF on cell viability, NGF or rmNGF could increase PC12 cell viability (Fig. 3E, F and Fig. 4E, F) , and LY294002 significantly augmented the growth inhibition induced by alcohol (Fig. 3F and Fig. 4F ), results showed that LY294002 attenuated the protective effects of NGF or rmNGF (P<0.05). However, NGF or rmNGF markedly decreased alcohol-induced injury (Fig. 3F and Fig. 4F ), confirming that NGF-activated autophagy is cytoprotective. PC12 cells were treated with 0-800 mM alcohol for 6 h or with 100 mM alcohol for different times, cell lysates were analyzed by western blotting assay with a specific antibody to LC3. The β-actin protein level was used as a loading control. (E and F) PC12 cells were treated with 0-800 mM alcohol for 6 h or with 100 mM alcohol for different times, after staining with AO, the formation of AVO was visualized by confocal microscope. Bar = 10 µm, *P < 0.05, **P < 0.01 difference with control group. Fig. 2 . Autophagy hinders apoptosis in alcohol-treated PC12 cells. Cellular apoptosis was analyzed on a flow cytometer using Annexin V-FITC/PI staining methods. A representative of three independent experiments is shown in (A). (A) PC12 cells were harvested after 6 h treatment without/with 100 mM alcohol, in the other two experiments, PC12 cells were treated with 100 mM alcohol 6 h following pre-incubation with 100 nM RAP for 1 h or 10 mM 3-MA for 1 h. Statistical results are presented in (B) [ANOVA: F(3, 8) = 66.72 P < 0.05]; *P < 0.05 difference with control group, #P < 0.05, ##P < 0.01 difference with respective group of alcohol treatment.
NGF treatment prevents the phosphorylation of PI3K/ Akt/mTOR signaling pathway PC12 cells were treated with alcohol, alcohol plus NGF or alcohol plus NGF and LY294002 for 6 h, and the protein expression of PI3K/Akt/mTOR (mTOR, mammalian target of rapamycin) pathway was analyzed via western blottingting. As shown in Fig. 5 , NGF could strikingly inhibit the phosphorylation of PI3K/Akt/ mTOR pathway caused by alcohol exposure (P<0.05). Alcohol plus LY294002 and NGF resulted in a significant upregulation of PI3K/ Akt/mTOR signaling pathway; however, the expression of LC3 was Fig. 3 . NGF-induced autophagy is cytoprotective. (A) PC12 cells were pretreated with 0-100 ng/ml NGF for 1 h, followed by treatment with alcohol for another 6 h. (B) The cells were treated with 100 mM alcohol, 100 mM alcohol plus 100 ng/ml NGF or 100 mM alcohol plus 100 ng/ml NGF and 50 µM LY294002 for 6 h. Western blotting analysis was performed using LC3 antibody. The blottings were probed for β-actin as a loading control (A and B). Blottings for LC3 were semiquantified using Image J (C [ANOVA: F(4,10) = 29.88, P < 0.01] and D [ANOVA: F(3, 8) = 32.66, P < 0.05]). The respective cell viability using MTT assay is shown in E [ANOVA: F(4, 10) = 30.86, P < 0.05] and F [ANOVA: F(3, 8) = 29.88, P < 0.05]. *P < 0.05, **P < 0.01 difference with alcohol group. Fig. 4 . RmNGF-induced autophagy is cytoprotective. (A) PC12 cells were pretreated with 0-100 ng/ml rmNGF for 1 h, followed by treatment with alcohol for another 6 h. (B) The cells were treated with 100 mM alcohol, 100 mM alcohol plus 100 ng/ml rmNGF or 100 mM alcohol plus 100 ng/ml rmNGF and 50 µM LY294002 for 6 h. Western blotting analysis was performed using LC3 antibody. The blottings were probed for β-actin as a loading control (A and B). Blottings for LC3 were semi-quantified using Image J (C [ANOVA: F(4, 10) = 505.5, P < 0.01] and D [ANOVA: F(3,8) = 163.4, P < 0.05]). The respective cell viability using MTT assay is shown in E [ANOVA: F(4,10) = 32.45, P < 0.05] and F [ANOVA: F(3, 8) = 76.80, P < 0.05]. *P < 0.05, **P < 0.01 difference with alcohol group. reduced in alcohol plus LY294002-treated cells (Fig. 3B) , indicating the dependence of autophagy on the activation of PI3K/Akt/mTOR signaling pathway.
DISCUSSION
In this study, we investigated the protective effects of NGF on alcohol-induced neurotoxicity. Our results indicate that NGF treatment enhances cell viability and autophagy of PC12 cells. This study demonstrates that NGF can induce cytoprotective autophagy in PC12 cells by hindering the occurrence of apoptosis and activating PI3K/ Akt/mTOR signaling pathway.
Although it is not clear yet whether alcohol increases or decreases autophagy under different conditions, it is consistent that autophagy is a protective mechanism against alcohol-induced liver injury (Ding et al., 2010; Yang et al., 2012; Wu et al., 2012) . Our current findings suggest that autophagy involves cell survival mechanisms in alcohol-exposed cells. This observation is supported by the results showing that 3-MA-mediated autophagy inhibition decreases the levels of LC3-II proteins as the autophagy level is elevated by alcohol treatment. Rapamycin (RAP) is used as both specific inhibitor for mTOR (McMullen et al., 2004) and as an inducer of autophagy Xu et al., 2013 Xu et al., , 2014 . RAP increases the levels of LC3-II proteins as the autophagy level is elevated by alcohol treatment. In addition, alcohol treatment decreased the viability of PC12 cells in a dose-and time-dependent manner ( Fig. 1A and B) .
In addition, alcohol could induce apoptosis in PC12 cells. We thus postulated that autophagy activated by alcohol in PC12 cells probably hindered apoptosis. The results of FCM also confirmed this hypothesis (Fig. 2B) . It intrigues us to research the relationship between autophagy and apoptosis. This study suggested that alcohol-induced autophagy can hinder the occurrence of apoptosis in PC12 cells. The above result is consistent with previous reports that autophagy preceded apoptosis under some stress conditions (Abedin et al., 2006; Wang et al., 2013) .
NGF administration showed protective effect in cortical neuronal cultures treated with alcohol (Seabold et al., 1998) . Transgenic mice overexpressing NGF found less Purkinje cell loss compared with wild-type mice after ethanol exposure (Heaton et al., 2000) . NGF was increased in the cholinergic projection areas after 6 months of alcohol administration in rats (Gericke et al., 2006) . However, increased NGF serum level was found after 8 days of abstinence in alcoholism (Jockers-Scherubl et al., 2007) although decreased NGF plasma level was reported after 30 days of abstinence (Yoon et al., 2006) . In this study, NGF or rmNGF markedly increased LC3-II production after treatment with alcohol in a dose-dependent manner ( Fig. 3A and Fig. 4A) ; it showed that alcohol-induced autophagy can be increased.
Recent studies have indicated that inhibition of the AKT/ mTOR pathway has consistently been associated with triggering autophagy in cancer cells (Kim et al., 2006; Easton and Houghton, 2006; Hung et al., 2009) . Therefore, we hypothesized that PI3K/Akt/mTOR pathway may be implicated in alcohol exposure, we perform the alcohol exposure and NGF treatment in PC12 cells. Our results show that the phosphorylation of PI3K/ Akt/mTOR pathway is involved in alcohol exposure and NGF treatment (Fig. 5) . Our study highlights the striking effect of NGF on the phosphorylation PI3K/Akt/mTOR pathway. Additionally, here we underscore the effect of NGF on the phosphorylation of mTOR, which is associated with autophagy. Autophagy plays critical roles in neuropsychiatric diseases. Considering the complexity of autophagy, a much closer examination is needed in the future.
In conclusion, our results demonstrate that alcohol could induce viability inhibition as well as autophagy and apoptosis. At the early stages of alcohol exposure, where autophagy acts as the principal, apoptosis becomes evident when the damage is irreversible. The findings further suggest that autophagy serves an important protective function against avoiding cytotoxicity through the PI3K/Akt/ mTOR signaling pathways after NGF treatment. Our findings provided new evidence for understanding the mechanism of NGF action in PC12 cells.
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